The structures of both complexes were determined by single-crystal X-ray crystallography. The coordination environment of vanadium ions in both complexes is octahedral, with four out of the six positions to be occupied by the two cis carboxylate oxygens, one hydroquinonate oxygen, and one amine nitrogen atoms of the ligands' tripod binding sites. The importance of the chelate ring strains in the stabilization of the p-semiquinone radical is also discussed. A protonation of the ligated to vanadium(IV) ion hydroquinonate oxygen at low pH was revealed by continuous wave (cw) X-band electron paramagnetic resonance (EPR) and UV-vis spectroscopies.
INTRODUCTION
The interaction of the metal ions with redox-active ligands, also referred to as "noninnocent", is of great importance because the interaction plays an essential role in redox biochemical processes. In particular, proton-coupled electron-transfer reactions between transition-metal centers and p-quinone cofactors are vital for all life occurring in key biological processes as diverse as the oxidative maintenance of biological amine levels [1, 2] , tissue (collagen and elastin) formation [2] [3] [4] , photosynthesis [2] [3] [4] [5] [6] , and aerobic (mitochondrial) respiration [7, 8] . The interaction of p-hydroquinones with vanadium, in high-oxidation states, presents additional interest due to the participation of vanadium in redox reactions in biological systems [9] [10] [11] [12] [13] [14] [15] such as the reduction of vanadium(V), present in sea water, to vanadium(III) in the blood cells of tunicates [16, 17] .
In marked contrast to the extensive structural chemistry for chelate-stabilized o-(hydro/semi)quinone metal compounds [18] [19] [20] [21] [22] , examples of structurally characterized non-polymeric σ-bonded p-hydroquinone/semiquinone-metal compounds are surprisingly rare [23] . This is mainly due to the absence of a chelate coordination site in simple p-(hydro/semi)quinone. A strategy to prepare such species is to synthesize substituted, in the o-position, p-hydroquinones with substituents containing one or more donor atoms, thus enabling the metal atom to form chelate rings [24] [25] [26] .
Over the last few years, our research team has pursued the synthesis and stabilization of two redox center metal complexes with hydroquinonate/p-semiquinonate ligands [25, [27] [28] [29] , which model enzymes exhibiting one inorganic and one organic redox centers in the active site, such as galactose oxidase and copper amine oxidase [30] [31] [32] [33] . Our recent work has shown that ligation of dinucleating bisiminodiacetate-substituted hydroquinone ligand (H 6 bicah, Scheme 1) to vanadyl ion results in stabilization of p-semiquinone radicals in acidic aqueous solutions [25, 28] .
In this work, new iminodiacetate-hydroquinone ligands have been synthesized. Their redox activity, and thus their "noninnocence", is regulated by additional substitution of the hydroquinone ring with methyl (2-[N,N'-(carboxymethyl)aminomethyl]-5-methylhydroquinone, H 4 mecah) or tert-butyl (2-[N,N'-(carboxymethyl)aminomethyl]-5-tert-butylhydroquinone, H 4 tbutcah) groups (Scheme 1). Reaction of these molecules with VO 4 3-at pH 8.2 shows that only the H 4 tbutcah is oxidatively activated by vanadium(V), resulting in further substitution of the ligand with an iminodiacetate group, H 6 tbutbicah (2,2'-({2-[bis(carboxymethyl)amino]-3,6-dihydroxy-4-methylbenzyl}azanediyl)diacetic acid, Scheme 1) and formation of the tetranuclear mixed-valent vanadium(IV/V) complex K 6 
On the other hand, reaction of VO 4 3-with H 4 mecah gave the mononuclear complex K 2 [V V (O) 2 {Hmecah(-3)}]ؒ2H 2 O, 1. Despite the similarities among bicah 6-and tbutbicah 6-(both have the same donor atoms at the two binding sites and form similar rectangularshaped tetranuclear vanadium complexes), tbutbicah 6-does not stabilize the p-semiquinone radical upon coordination with vanadium(IV). This is attributed to the intra-ring strains originated from the smaller-size O hydroquinone ؒؒؒN amine chelating ring in tbutbicah 6-, five-vs. six-membered rings in bicah 6-. Furthermore, electron paramagnetic resonance (EPR) and UV-vis spectroscopies were employed for the investigation of the stability and protonation of the hydroquinonate oxygen, ligated to vanadium(IV), atoms.
RESULTS AND DISCUSSION

Syntheses of compounds 1 and 2
The syntheses of the vanadium(V) and the mixed-valent vanadium(IV/V)-hydroquinonate complexes are summarized in Scheme 2. reactivity with vanadate between the H 4 mecah and the H 4 tbutcah ligands is attributed to their different oxidation potential. The methyl hydroquinone is more difficult to be oxidized from vanadate compared with the tert-butyl-one and thus, for this ligand the reaction stops at the formation of the vanadium(V) mononuclear complex 1. In addition, it is well known that vanadium(IV) stabilizes the p-semiquinone radicals [25] , further supporting the mechanism of Scheme 3. Aqueous solutions of 1 are stable at alkaline pH (7-8.5 ) in a similar way to other vanadium(V)-iminodiacetate hydroquinonate complexes [29] . However, complex 2 is stable in a much wider pH range (2-9).
Solid-state characterization of complexes 1 and 2
Complexes 1 and 2 were characterized in solid-state by IR spectroscopy and single-crystal X-ray crystallography.
The IR spectra of 1 show two bands, one symmetric and one antisymmetric at 917 and 893 cm -1 attributed to the V=O bonds of VO 2 + . The stretching vibration of the V=O bonds of 2 appears as a broad strong peak at 947 cm -1 and the V IV -O-V V bridge at 910 cm -1 . For both 1 and 2, the carboxylate stretching vibrations appear as two peaks at 1638 and 1420 cm -1 (one antisymmetric and one symmetric, respectively), indicating coordination of the vanadium atom from the carboxylate oxygen atoms of the iminodiacetate group. A shift of 8 and 34 cm -1 of the C-O phenolate/hydroquinonate stretching vibration to higher energy in the complexes compared to free ligands for 1 and 2, respectively, supports also coordination of the vanadium ions with the hydroquinonate oxygen atoms.
The ORTEP structures of complexes 1 and 2 are shown in Figs. 1 and 2. Experimental data and selected interatomic distances and bond angles relevant to the vanadium coordination sphere in 1 and 2 are listed in Tables 1-3 . The oxidation state of the metal ions and the ligand was calculated from the bond lengths applying bond valent sums and Δ calculations, respectively [25, 27] . 
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The vanadium atom in 1 has a distorted octahedral geometry and is bonded to a tetradentate (Fig. 3) . One interesting feature of this molecule is that the two hydroquinones do not overlay one over the other, which is in contrast to the structures of all the other rectangular-shaped vanadium-hydroquinonate/semiquinonate complexes reported to date [25, 28] .
Each vanadium ion exhibits a distorted octahedral environment with two cis carboxylate and a phenolate oxygen atom and the bridging oxido group to define the equatorial plane, whereas the oxo and the amine nitrogen atom occupy the axial positions. 6- ligands are the same, they provide a different coordination environment to the vanadium ions because of the different size of the O hydroquinone ؒؒؒN amine chelate ring, five-vs. six-membered chelate rings. The tripod binding site containing the five-membered O hydroquinone ؒؒؒN amine chelate ring prefers to bind the vanadium(IV), and the six-membered vanadium(V) ions (Scheme 4). These differences have been attributed to steric intra-ring interactions arising from the different V-O hydroquinone bond distances and the V-O hydroquinone -C angles dependent on the oxidation state of the vanadium atoms.
In addition, the nonstabilization of a p-semiquinonate radical in complex 2 is attributed to the O hydroquinone ؒؒؒN amine five-membered ring. The vanadium(IV) exhibits stronger affinity for the semiquinonate than the hydroquinonate oxygen donor atom and thus, the angles [23] . Apparently, the intra-ring sterics in the five-membered O hydroquinone ؒؒؒN amine ring do not favor the formation of the p-semiquinonate radical. In this concept, the 2,5-bis[N,N-bis(carboxymethyl)aminomethyl]hydroquinone (H 6 bicah) ligand containing six-membered rings in both binding sites stabilizes the p-semiquinonate radical through ligation with vanadium(IV) ions (Scheme 4) [25] . The highly negative charged anions, 1 and 2, attract strongly the positive ions. The oxido group [O(5)] and the carboxylate oxygen atoms form extensive dipole-ionic bonds with the K + counterions and the co-crystallized water molecules. The result is the creation of polymeric dipole-ionic-bonded supramolecular 2D and 3D structures by self-assembly of the mononuclear or tetranuclear anions and the K + counterions. Complex 1 forms 2D layers, parallel to the plane defined by the axes a and b, each one constructed from K + ions covered from both sides of the layer from the anions of the complex connected together with strong K + ؒؒؒO bonds (Fig. 4) . Some of the stronger bonds include the K( Complex 2 also exhibits a similar layered structure along the bc plane. However, the K + layers are bridged together through dipole-ionic bonds with the carboxylate oxygen and the oxido groups of both sides of the tetranuclear units resulting in a 3D layered network (Fig. 5) .
EPR characterization in aqueous solution
The continuous wave (cw) X-EPR spectrum of 2 shows the presence of two different environments around vanadium ion that are reversibly interconverted to each other by varying the pH (Fig. 6 ). These two different environments have been identified, at high pH, to be that found in the crystal structure con- donors [42, 43] and exhibits higher basicity from [O(3)] as this is evident from the crystallographic data. The cw X-EPR experimental and the simulated spectra of frozen aqueous solutions of 2 at pH 2.0 and 8.9 are shown in Fig. 7 . Each of the anisotropic spectra are consisted from 16 lines, indicating that the complex is valence-localized, which is in accordance with the 0.21 Å difference of the bridging oxygen-vanadium bond lengths in the V 2 O 3 3+ core [44] . The best fitting of the experimental spectra with the simulation gave at pH = 2.0 g ⊥ = 1.978, g = 1.936, A ⊥ = -69.7 × 10 -4 cm -1 and A = -178.8 × 10 -4 cm -1 and for the spectra at pH = 8.9 g ⊥ = 1.976, g = 1.939, A ⊥ = -57.7 × 10 -4 cm -1 , and A = -168.7 × 10 -4 cm -1 . The pK a values (7.7 ± 0.2 and 3.2 ± 0.2) of the two successive protononation steps of 2 were calculated from the UV-vis spectra in pH range 2.4-8.9 (Fig. 8) .
The additivity relationship [45] allows the prediction of the hyperfine coupling constant A , which is correlated to the number and types of ligands present in the equatorial plane. As this has been reviewed by Pecoraro [46] , the hyperfine coupling constant also depends on the degree of the geo metric distortion. From the donor atoms of the current study the contribution of the hydroquinone oxygen atom is not known. However, it may be considered that HQO -contributes similarly to the phenolate oxygen (38. 6 × 10 -4 cm -1 ) or the OH -(38.7 × 10 -4 cm -1 ) and the HQOH similar to H 2 O (45.7 × 10 -4 cm -1 ). The contribution of -O-is more difficult to be predicted because the various model compounds exhibit different V-O bridged bond strength and electron spin delocalization. For example, making the above considerations, a 44.7 × 10 -4 cm -1 contribution has been calculated for the -O-in complex 2 at pH 8.9. Other complexes containing spin-localized {V 2 O 3 } 3+ cores gave for the -O-even higher contributions up to ~53 × 10 -4 cm -1 [37] .
However, the 10 × 10 -4 cm -1 change of A upon protonation of the HQO -is close to the A change observed for the conversion of the OH -ligand to H 2 O (~7 × 10 -4 cm -1 ), considering that the -O-contributes the same in both low and high pH coordination environments. 
CONCLUSIONS
One vanadium(V) mononuclear complex and a tetranuclear mixed-valent vanadium(IV/V) complex have been synthesized by reacting NaVO 3 with the tripod hydroquinone-iminodiacetate ligands H 4 mecah and H 4 tbutcah. The crystallographic characterization of the complexes reveals that the tert-butyl-ligand has been further substituted by an iminodiacetate group resulting in the bifunctional tbutbicah -6 . EPR spectra at different pH show that the tetranuclear complex is stable at a pH range 2-8.9, and the hydroquinonate oxygen atoms which ligate the vanadium(IV) ions are reversibly protonated at low pH. In contrast to other reported binucleating ligands exhibiting the same donor atoms, this molecule does not stabilize the semiquinone oxidation state by ligating vanadium(IV). This has been attributed to intra-ring strains originated from the smaller-size O hydroquinone ؒؒؒN amine chelating ring, five-vs. six-membered.
EXPERIMENTAL SECTION
Physical measurements
Fourier transform-infrared (FT-IR) transmission spectra of the compounds, pressed in KBr pellets, were acquired on a Shimadzu IRprestige-21 spectrophotometer model. Microanalyses for C, H, and N were performed by a Euro-Vector EA3000 CHN elemental analyzer. NMR spectra were recorded on a 300 MHz Avance Bruker spectrophotometer. The cw X-band EPR spectra of compound 2 were measured on an ELEXSYS E500 Bruker spectrometer at resonance frequency ~9.5 GHz and modulation frequency 100 MHz. Frozen aqueous solutions of 2 were measured at 130 K. The resonance frequency was accurately measured with solid DPPH (g = 2.0036). The optimization of the spin Hamiltonian parameters and EPR data simulation was performed by using the software package easyspin 4.0.0 [47] .
The pK a values of the two protonation steps of 2 were determined by UV-vis spectro photometric titration and estimated according to the model proposed by the computational program PSQUAD [48] . The data were fitted assuming the following two equilibriums 1, 2. 
